Protoplasts of Streptococcus faecalis ATCC 9790 were produced with the aid of lysozyme, and the ability of these bodies to synthesize soluble, peptide cross-linked peptidoglycan (PG) fragments was examined. Lysozyme digests of PG isolated using gel filtration from the supernatant medium of protoplasts grown in the presence of ["C ]acetate and L-[8H Ilysine contained small amounts of PG having KD expected for peptide cross-linked dimers and trimers. Addition of benzyl penicillin (300 ,g/ml) to growing protoplast cultures did not affect the net amount of PG fragments synthesized but resulted in inhibition of synthesis of dimer and trimer fractions by 27 and 59%, respectively. Failure of penicillin to completely inhibit the accumulation of the dimer fraction was attributed to the presence of atypical forms of dimer. In fact, the supernatant medium of penicillin-treated cultures did not contain detectable amounts of typical peptide cross-linked dimer. The degree of peptide cross-linkage of protoplast PG was at most only 13% of that found in walls isolated from intact streptococci. The relative amounts of monomers, dimers, and trimers synthesized during early and late stages of protoplast growth was approximately the same. Protoplasts synthesized soluble PG fragments in amounts which were of the same order of magnitude as that expected for insoluble PG produced by an equivalent amount of intact streptococci.
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Among the pivotal biochemical reactions in the synthesis of the rigid peptidoglycan (PG) layer in bacterial cell walls are the reactions which involve the addition of membrane-bound intermediates to established acceptor wall. These events occur outside the cellular permeability barrier. Consequently, effective integration with all the other events in the bacterial cell cycle is thought to require maintenance of a favorable spatial relationship between membrane-bound enzymes, substrates and intermediates, and the exocellular final acceptor (i.e., the wall; 6).
Protoplasts of Streptococcus faecalis can be prepared with the aid of lysozyme, or by the action of native autolytic muramidase in the absence of added PG hydrolases, and grown in osmotically stabilized medium (9, 14) . The preceding report (12) presents evidence which suggests that, as the amount of intact, acceptor wall remaining on streptococci decreases, the ability of these bodies to synthesize acid-'Present address: Department of Microbiology, Indiana University School of Medicine, Indianapolis, Ind. 46202. precipitable (macromolecular) PG decreases to the point of being below detectable levels. Protoplasts prepared with the aid of lysozyme do, however, synthesize large quantities of soluble PG fragments which are released into the culture medium (12) .
After treatment of the supernatant medium with hen egg-white lysozyme, several molecular weight species of PG fragments were isolated using gel filtration. The majority of this material was recovered as disaccharide-peptide monomer, but approximately 20% of the soluble PG fragments was in the molecular weight range of bisdisaccharide-peptide dimers and trisdisaccharide-peptide trimers. The gel filtration profiles of the peaks corresponding to these substances were symmetrical and contained ually or in combination), and isolation of soluble PG fragments from the supernatant medium of protoplast cultures or from cell walls of intact streptococci using gel filtration were performed as previously described (12) . High-voltage paper electrophoresis was also carried out as described earlier (12) . Treatment of PG samples using Chalaropsis B muramidase (0.5 ug/ml) was performed in 0.05 M sodium acetate, pH 4.6, for 5 h at 37 C.
,B-Elimination. Desalted samples were treated with 2.0 ml of 0.05 N NaOH or 4 N NH4OH at 37 C for periods of time from 2 to 16 h. This treatment is known to catalyze the a-elimination of the lactyl-peptide moiety from N-acetylglucosaminyl-N-acetylmuramyl-peptide resulting in the liberation of the reduced disaccharide and, in this species, a mixture of N'-(a and ,B-aspartyl)lactyl-peptides (5, 18) . Elimination of D-lactate or lactyl-peptides occurs only from free, reducing residues of muramic acid (5, 18) . NaOH-treated samples, destined for electrophoresis, were desalted on a Sephadex G-10 column, whereas the NH4OH-treated preparations were desalted by evaporation in vacuo over H2S04 and P,O,.
The disaccharide-peptide structural unit of the cell wall of S. faecalis consists of fl-1,4,N-acetylglucosami- Since penicillin is known to inhibit the final peptide cross-linking reaction of PG biosynthesis in intact cells (6), it was not surprising that addition of this antibiotic to the medium reduced the already low levels of dimers and trimers produced by growing protoplasts (Table  1) . Considering the relatively high concentration of penicillin used, the reduction in presumed peptide cross-linked material was not nearly as great as expected. Due to these unexpected results it was necessary to study the chemical nature of the dimer fraction.
Digestion of protoplast dimer using mild alkali (the ,8-elimination reaction). Purified PG dimer, labeled in the disaccharide with ["C ]acetate and in the peptide with L-[IH ]lysine, was isolated from the supernatant of lysozyme-induced protoplast cultures using gel filtration as described in the preceding report (12) . Material present in the dimer fraction was desalted on a Sephadex G-10 column and treated with 0.05 N NaOH at 37 C for 14 h to cause the #-elimination of lactyl-peptides from reducing moieties of muramic acid, and the alkali-treated material was filtered on the series of columns of Sephadex G-50, G-50, G-25. The elution pattern of both [`C l-acetate-and ['H ]lysine-containing products was complex (Fig. 1A) , especially when compared to the products of a-elimination of isolated and purified peptide cross-linked dimer isolated from muramidase hydrolysis products of walls of S. faecalis (Fig. 1B) peak (the dilactyldecapeptide) and the latter two peaks (lactyl-less disaccharide) (Dezelee and Shockman, in press) were isolated, desalted, and used as markers for the experiments described below.
The comparative complexity of the gel filtration pattern ( Fig. 1 ) of a-elimination products of protoplast dimer could be due to the presence of more than one compound in the initial dimer fraction. The structure of peptide cross-linked dimer and two possible isomers is shown in -EIimination products of PG dimers isolated from (A) the supernatant medium of protoplast cutures, and (B) walls of intact streptococci. Protoplast supernatants and intact walls were digested with muramidase and dimer fractions were isolated using gel filtration. Each sample was treated in 0.05 N NaOH at 37 C for 16 h and then subjected to gel filtration on connected columns of Sephadex G-50, G50, and G-25. Gel filtration of the ,-elimination products of protoplast dimer (Fig. 1A) yielded only two peaks (D and E) which were identical to peaks obtained from ,-elimination of purified dimer obtained from intact walls. The same two [4C ]acetate-containing peaks were also found in NaOH digests of purified protoplast (or wall) monomer, and in all cases peak E contained about four to six times more "C than peak D. When these two ["C ]acetate peaks isolated from NaOH-treated wall dimer or protoplast monomer or dimer were combined and run on electrophoresis at pH 2 or 4.2, all samples gave a single ["C Jacetate peak very close to the origin. This was consistent with the movement of the fluorescent spot which was detected after NaOH treatment of unlabeled monomer standard (5) . From these results it was concluded that peaks D and E (Fig. 1A) contained free disaccharide resulting from a-elimination of peptide dimer ( Fig. 2A) . Peak E probably contained the lactyl-less disaccharide, whereas the minor peak D, which appears to have slightly higher molecular weight based on gel filtration, may contain an Oacetylated disaccharide (7) . Based on the expected ,-elimination products of various dimer isomers (Fig. 2) , the only possible source of free disaccharide is peptide cross-linked dimer, and this form of dimer would also be expected to yield a ['H ]lysine peak having an identical KD as the ['H llysine peak of dilactyl-decapeptide standard obtained from peptide cross-linked wall dimer (Fig. 1B) . Peak B (Fig. 1A) contained ['H]lysine and has a KD expected for the decapeptide, but this peak also contained ['C ]acetate. When the material isolated from peak B was run on electrophoresis at pH 2, a single cationic peak containing both labels was observed. Electrophoresis at pH 4.2, however, yielded an anionic
['H]lysine-rich peak which had an electrophoretic mobility identical to that of the dilactyldecapeptide standard and a separate acetaterich peak which was slightly anionic and contained some of the ['H ilysine label. It was concluded that peak B (Fig. 1A) contained a mixture of at least two products of,-elimination: the dilactyl-decapeptide from ,8-elimination of peptide dimer and tetrasaccharide-pentapeptide from glycan dimer (Fig. 2B ). Failure to separate these components using Sephadex G-50, G-50, G-25 columns is not surprising since the expected molecular sizes would be quite similar. Since the tetrasaccharide-pentapeptide is a ,-elimination product peculiar to glycan dimer (Fig. 2) then one could predict that the other product (lactyl-pentapeptide) should also be present.
Peak C (Fig. 1) had the same elution volume on the Sephadex G-50, G-50, G-25 columns and the same electrophoretic mobilities at pH 2 and 4.2 as the ['HI-lysine-containing peak obtained from NaOH-treated protoplast monomer and the ninhydrin-reactive material from NaOHtreated wall monomer. Thus it was concluded that peak C contained the lactyl-pentapeptide which arose from ,-elimination of glycan dimer (Fig. 2B ). Peak A (Fig. 1A) eluted at a KD value and ratio of 'H: 14C very similar to that of untreated dimer. A second treatment with alkali, under the same conditions, did not change the relative amount of radioactive label found in peak A, indicating that peak A was not merely the result of incomplete digestion of dimer. However, "bi-linked dimer" (Fig. 2C) would yield a product of the observed molecular size containing both labels.
Based on the above tentative identifications, the relative amounts of the three forms of protoplast dimer in a particular sample were calculated from the types and amounts of products present after a-elimination. When samples of protoplast dimer were labeled in both the peptide and the sugar moiety, inde- In some experiments the only radioactive label present was in lysine so that only the peptide moiety contained radioactivity. In these instances, the method of analysis for various components of the dimer fraction was the same except that it was based on content of [ (Table 2) on the basis of their ,-elimination products as described above. Glycan dimer accounted for about half of the total dimer in the supernatant medium after growth of untreated protoplasts, whereas the peptidelinked components (peptide and bi-linked dimer) accounted for about 20 and 30%, respectively. Dimer isolated from penicillin-treated protoplasts, on the other hand, contained no detectable peptide dimer and yielded reduced levels of the presumed bi-linked component, as compared to the control. In light of these data (Table 2) it is possible to interpret the failure of penicillin to completely inhibit the synthesis of protoplast dimer (Table 1) . Under the conditions used for these experiments, the protoplasts produced relatively large amounts of glycan dimer which did not contain peptide cross-linkages and whose formation was not sensitive to inhibition by the antibiotic. The observed reduction in amount of dimer fraction was apparently due to complete inhibition of synthesis of peptide dimer and partial inhibition of synthesis of bi-linked dimer.
Components of protoplast dimer: products of in vivo synthesis or artifacts? The evidence for the presence of at least three components in the dimer fractions of protoplasts seems clear. However, it seemed possible that at least some of these products were artifacts produced by the experimental conditions used rather than actual products synthesized by the growing protoplasts. Evidence which suggests that each of the three products was produced in vivo was obtained.
Complete inhibition of synthesis of peptide cross-linked dimer by penicillin suggests that this substance is an actual product of protoplast biosynthesis.
The presence of glycan dimer could occur because of incomplete hydrolysis of glycan chains by hen egg-white lysozyme. The action of lysozyme is product inhibited and this enzyme hydrolyzes low-molecular-weight substrates only poorly (2, 3) . However, another muramidase (Chalaropsis B muramidase), which digests all susceptible ,B-1,4-glycosidic bonds of PG obtained from walls of exponential-phase cells and leaves only peptide cross-linked products (Dezelee and Shockman, in press), failed to reduce the relative amount of glycan dimer found in the supernatant medium after growth of protoplasts.
PEPTIDE CROSS-LINKS IN PG FRAGMENTS
Hen egg-white lysozyme is also known to catalyze the reverse of its normal hydrolytic action and therefore to act as a transglycosidase (2, 3) . Thus, it was possible that bi-linked dimer was an artifact formed by a lysozyme-catalyzed transglycosidation of peptide dimer. To examine this possibility, authentic ["C ]acetate-and
[HIH]lysine-labeled peptide cross-linked dimer from walls of S. faecalis was added to protoplast growth medium containing no additional radioactively labeled material. All procedures for growth of protoplasts, treatment of culture supernatants with lysozyme, fractionation of PG fragments, and isolation of the d ¶mer fraction followed by treatment with NaOH were performed exactly as described above. Transglycosidation of peptide dimer at any stage of the experimental procedure to form bi-linked dimer would result in the production of bilinked dimer from the exogenously added, labeled peptide dimer. This was not the case since only the predicted products of ,-elimination of typical peptide cross-linked dimer were detected. Furthermore, lysozyme-catalyzed transglycosidation reactions leading to the formation of labeled products with a molecular size larger or smaller than dimer were not observed. This (negative) control suggests that the NaOHresistant (presumably bi-linked) component of dimer is an actual biosynthetic product.
The partial inhibition of the synthesis of bi-linked dimer by penicillin (Table 2) is further indirect evidence that this component is a product of in vivo synthesis.
Percentage of cross-linking of protoplast PG. The degree of cross-linking of the PG products found in the supernatant medium after protoplast growth was calculated using the following formula (Dezelee and Shockman, in press): percentage of cross-linkage = 0.5 x % peptide cross-linked dimer + 0.67 x % peptide cross-linked trimer. The dimer obtained from untreated protoplasts after digestion of supernatants with lysozyme contained glycan dimer and the presumed bi-linked dimer in addition to peptide-cross-linked dimer (Table 2) , and presumably the small trimer peak contained even more possible forms. Consequently, estimates of the degree to which PG produced by protoplasts was cross-linked are only approximations and would be indicative of the maximum degree of cross-linking.
Approximately half of the total dimer was glycan dimer and thus made no actual contribution to the overall cross-linking. The remaining half of the dimer (peptide dimer plus bi-linked dimer), representing about 8% of the total PG, was used as the percentage of peptide crosslinked dimer in the above formula. The percentage of cross-linkage of PG is generally considered important in reflecting the degree to which different linear chains of the glycan backbone are interconnected in forming a three-dimensional net of PG (6) . Bi-linked dimer was included as peptide cross-linked dimer in the above formula even though it probably does not represent cross-linkage of different glycan strands.
Since penicillin reduced the amount of trimer detected from 6.0 to 2.5% of the total PG fragments, it was assumed that the difference was due to the penicillin-sensitive bonds of peptide cross-linked trimers. Because data concerning the amount of glycan trimer which may have been present was not obtained, the upper limit of 6% was used as percentage of peptide cross-linked trimer.
Using these values the upper limit for percentage of cross-linkage of protoplast PG was about 8%. Obviously, protoplasts synthesize very little cross-linked PG compared to walls of exponential-phase cells in which the peptide cross-linking is about 55 to 60% (16; Dezelee and Shockman, in press).
Synthesis of soluble PG fragments by protoplasts during early and late stages of growth. When protoplasts were observed by phase-contrast microscopy immediately after inoculation into growth medium, essentially no streptococcal-like forms were observed. The majority of the protoplasts appeared as almost perfect spheres, but about 15% of the population were irregular spheres. It was thought that these irregularities in the shapes of some protoplasts might be due to the presence of very small amounts of cell wall which had not been completely solubilized during lysozyme digestion. After 60 min of regrowth less than 1% of the protoplasts were irregular in shape (presumably a result of continued action of lysozyme and native autolysin in the remaining wall). To determine if the peptide cross-linked material found in PG fractions was a result of transpeptidation of newly made wall to undigested old wall, the following experiment was performed. Protoplasts were prepared in the usual manner and inoculated into medium containing L- (12) indicate that wall-free protoplasts synthesize soluble PG fragments, consisting largely of uncross-linked disaccharide peptide monomer units, in amounts and at rates similar to those calculated for the synthesis of insoluble, relatively highly cross-linked PG by intact streptococci (Table 1 , footnote b).
These observations suggest that these fragile bodies are fully capable of carrying out the entire series of reactions (6) leading to the formation of completed disaccharide-peptide units. In fact, as demonstrated in the following paper (13) , protoplasts are capable of assembling these units into soluble glycan chains which were also found in the growth medium.
In addition to quantitative differences in the degree of cross-linking of the protoplast PG product in comparison with PG found in walls of intact streptococci, protoplasts synthesized two forms of bisdisaccharide-decapeptide dimers which were not detected in wall preparations isolated from intact cells. All three forms of dimer retained the 2:1 molar ratio of
[14C ]acetate: ['H ilysine characteristic of disaccharide-peptide fragments isolated from both streptococcal walls (Dezelee and Shockman, in press) and protoplast supernatant (12) and indicative that these products contain both the disaccharide and peptide moieties of PG (Dezelee and Shockman, in press). One component (glycan dimer, Fig. 2 ) apparently consists of two disaccharide-peptide monomer units coupled via a glycosidic linkage (i.e., a tetrasaccharide). This isomer is resistant to digestion by both hen egg-white lysozyme and the Chalaropsis B muramidase. Although the reason for the resistance of the protoplast product to hydrolysis is not known with certainty, it seems possible that a difference in amino sugar residues may play a role. In other species resistance to hen egg-white lysozyme has been attributed to the absence of N-acetyl groups on the glucosamine residue (8) or to the presence of O-acetyl groups (1) .
The second unusual form of dimer was resistant to hydrolysis by mild alkali (the ,8-elimination reaction) and was presumed to be bi-linked dimer (Fig. 2) ; that is, disaccharide-peptide monomer units linked through both glycosidic and peptide bonds. However, the resistance of the material in peak A, Fig. 1 Previous studies in this laboratory (9) indicated that autoplasts and lysozyme-induced protoplasts of S. faecalis did not contain detectable levels of residual, insoluble wall. If the insertion of new precursors into preexisting wall occurs via transpeptidation (10, 11, 19) or if transpeptidation occurs after incorporation of oligomeric precursors into the wall via transglycosylation (10, 11) , then the PG fragments synthesized by these wall-free protoplasts should be exclusively uncross-linked. However, small amounts of peptide cross-linked dimer both typical and atypical (presumed bi-linked) were found ( Table 2 ). The synthesis of the same relative amounts of peptide cross-linked fragments during both early and late stages of protoplast growth ( Table 3 ) indirectly suggests that the presence of a small amount of residual insoluble wall contamination on the surface of protoplasts at the beginning of protoplast growth is not an important factor in determining the number of peptide cross-links formed. It remains possible that cross-linking of PG fragments occurred between units which were still in the membrane-bound state. Transpeptidation to form peptide dimer (Fig. 2) would then involve separate membrane-associated glycan strands of PG which maintain a spatial relationship with the membrane-bound cross-linking enzyme similar to that which occurs during transpeptidation in intact cells. In contrast, the formation of bi-linked dimer (Fig. 2) would involve transpeptidation of the peptide sidechains of adjacent disaccharide-peptide units and this does not require a special geometric relationship between two substrates. It should be noted that linear PG in which adjacent monomer units are linked via peptide bridges would not interconnect separate glycan strands and therefore would not contribute to the rigid three-dimensional architecture of PG.
The presence of tetrasaccharide in the form of glycan and bi-linked dimers in lysozyme digests of protoplast supernatants suggests that protoplasts may actually synthesize soluble glycan chains. In the experiments described in this and the preceding paper (12), attempts to limit muramidase activity were not made, so that direct evidence regarding the ability of protoplasts to make glycan chains was not obtained. The following paper (13) reports results germane to this point.
